Abstract: Using the continental-scale collections of the U.S. Geological Survey's National Water-Quality Assessment (NAWQA) Program, we examined selected members of the family Gomphonemataceae to expand the current state of knowledge of diatom taxonomy, morphology, and distribution. Ten taxa in the genera Gomphonema, Gomphoneis, and Gomphosphenia are examined. The taxonomic status of two taxa is revised, and one new species is described. Two new features are described for the genus Gomphonema: slit-like areolae and ridge-like flaps or flanges on pseudosepta. Many North American gomphonemoid species appear to be restricted to certain geographic regions; the differences between western and eastern North America are striking. Trained analysts have had difficulty identifying and discriminating many of these taxa. We believe that this difficulty, in large part, results from our poor knowledge of the North American flora. Large-scale monitoring programs such as NAWQA, when teamed up with research organizations with common interests, hold great promise to expand our knowledge of the biodiversity of North American ecosystems.
Introduction
Our understanding of the freshwater gomphonemoid diatoms of North America originates with descriptions of new taxa by early workers such as Ehrenberg (1854) and Grunow (1878) , and the distribution of these forms was documented by floristic and summary works of Wolle (1890) , Boyer (1927) , Elmore (1922) , and Patrick and Reimer (1975) among others. Gomphoneis taxonomy and ultrastructure was documented by Kociolek and co-workers (Kociolek and Rosen 1984; Stoermer 1988a, 1988b) , while approaches to understanding the diversity (taxonomic, ultrastructural) of the much larger genus Gomphonema were directed at a few species (e.g., Wallace 1960; Kociolek and Stoermer 1987; Kalinsky 1984) .
The U.S. Geological Survey's (USGS) National WaterQuality Assessment (NAWQA) Program is designed to assess trends in the water quality of the nation's rivers and aquifers using an integrated ecosystem approach. Fifty-nine river basins cover about half the area of the conterminous United States, and they are sampled in a temporal cycle designed to provide long-term evaluations of water resources, at scales from local to regional to national.
Biological analyses of the NAWQA Program have a strong quality assurance and quality control (QA/QC) component, as evidenced in the creation of the biological unit (BU) within the Quality Management Program of the National Water Quality Laboratory. A major portion of the BU mission related to providing consistent taxonomy within NAWQA biological data bases. Such effort to ensure consistency is warranted because this is a major determinant of the power of the ecological statistical analyses that will be applied to NAWQA data (Birks 1994) . The use of numerous analysts to enumerate and identify diatoms in the NAWQA Program necessitated a taxonomic review of problematic groups. In this report, we examine gomphonemoid diatoms that have proved difficult for analysts in terms of consistent and correct taxonomy.
Materials and methods
Algal samples were collected according to standard protocols of the NAWQA Program (Porter et al. 1993 ). Sampling at each site is intensive, and the samples are composites of replicates taken from representative microhabitats. Algal samples are preserved with formaldehyde, and diatoms are cleaned using hydrogen peroxide or strong acids.
The three standard collection types are as follows: (i) richest targeted habitats (RTH; quantitative scrapes of rock, wood, or aquatic plants), (ii) depositional targeted habitats (DTH; quantitative surficial sediment samples), and (iii) qualitative multihabitat (QMH; including microalgae and macroalgae, if present).
The NAWQA world wide web home page (U.S. Geological Survey 1998) contains details about the program, maps and descriptions of the study areas, and pointers to on-line versions of many publications, including the algal sampling methods report of Porter et al. (1993) .
Specific samples used in this study are listed in Table 1 . Cleaned material was air-dried onto cover glasses, which were mounted permanently onto microslides with Naphrax for observations in light microscopy (LM) with a Leica DMRB and Zeiss Axioskop, using brightfield and differential interference contrast illumination systems. For the scanning electron microscope (SEM), cover slips were attached to aluminum stubs, sputter-coated to approximately 20 nm of gold-palladium, and examined with a Hitachi S520 (at the California Academy of Sciences (CAS)) and a JEOL JSM-35C (at USGS) at operating voltages of 15 and 20 kV, respectively.
Results

Gomphonema manubrium Fricke
Figs. 1-5, 14-19 Valves swollen at the central area, constricted then broadening into a rounded footpole, headpole rounded. Length 29-41 µm, breadth 8-11 µm. Striae radiate, strongly so at footpole, 9-12/10 µm at midvalve. Axial area lanceolate, narrow at poles, broad at mid-valve, with a mottled appearance in the Apalachicola -Chattahoochee -Flint River Basin populations. Raphe expanded laterally only slightly and undulate. A prominent apical pore field (APF) is present at the footpole. A small stigma is situated close to the proximal raphe ends.
In the SEM, the valve exterior is covered with c-shaped, teardrop-shaped, elongate, or irregularly shaped areolae (Figs. 14-16). Areolae bordering the broad axial area are cshaped. In the central area, the proximal raphe ends are curved and dilated; a small, isolated, rounded stigmal opening is present (Fig. 16 ). The deflected distal raphe end bisects the APF and extends onto the valve mantle. The APF is composed of small, round porelli in quincuncial arrangement ( Fig. 15 ) and is continuous around the edge of the mantle. Internally, septa and pseudosepta are present at the poles (Figs. 18, 19 ). The oval, internally raised central nodule contains a transapical slit-like stigmal opening. Recurved proximal raphe ends terminate at the base of the central nodule (Fig. 17) . The open girdle bands are perforated by a single row of poroids (e.g., Figs. 17, 19) . COMMENTS: This species was originally described by Fricke (1904) from Maine, and Kociolek and Stoermer (1991a) illustrated an isotype specimen from the collection of Tempère and Peragallo (1915) . The Maine specimen lacks the mottled axial area and is larger and more linear in outline than those we encountered from Georgia. This species appears to be restricted in its distribution to the east coast of the United States (Patrick and Reimer 1975) . Our observations expand the size range of this taxon reported by Patrick and Reimer (1975) .
Gomphonema apuncto Wallace
Figs. 6-13, 20-27 Valves linear with slightly convex margins, with rounded ends, length 16-41 µm, breadth 3-5.5 µm. Striae parallelradiate, strongly radiate at footpole, 13-16/10 µm at midvalve. Raphe straight, expanded laterally, with dilated external proximal ends terminating close to one another. Axial area narrow at poles, broadening towards center.
In the SEM, the valve exterior is covered by apically elongate slits and c-shaped areolae, with the latter consistently bordering the axial area. At the center of the valve, proximal raphe ends are straight, dilated, and terminate very close to one another (Fig. 22 ). Distal raphe ends are slightly deflected and extend onto the valve mantle (Figs. 20, 21, 23) . The raphe bisects a prominent APF composed of round porelli. Internally, pseudosepta and helictoglossae are evident at the poles. Helictoglossae appear slightly offset from the raphe branches . The pseudoseptum has a raised ridge or flange at the footpole (Figs. 26, 27) ; however, no ridge is present at the headpole (Figs. 24, 25) . The function of this ridge is unknown, but it probably helps to maintain the physical relation between the valvocopula and the valve. Interstriae are robust, and a wide axial area and central nodule are visible (Fig. 24) . The proximal raphe ends (Figs. 24, 25) are strongly recurved on the central nodule.
COMMENTS: Our observations expand the size range reported previously by Wallace (1960) and Patrick and Reimer (1975) Valves lanceolate-clavate, center tumid, headpole rounded, footpole narrow. Smaller specimens broadly rounded, footpole narrow, headpole produced to subcapitate. Length 19-44 µm, breadth 5.5-7 µm. Raphe lateral, weakly undulate, external proximal ends close together, internal proximal ends recurved; distal ends deflected in the direction opposite the stigma. Central nodule distinct; rounded isolated stigma present in prominent central area; central area shape asymmetric with side opposite the stigma larger and extending more toward the margin than the stigma-bearing side. Striae 13-15/10 µm at midvalve, parallel to slightly radiate from the center to the headpole, radiate to strongly radiate from the center to the footpole. The APF prominent at footpole. Pseudosepta visible at both poles.
In the SEM, doubly punctate striae are visible the length of the valve. Areolae are variously shaped, including rounded, teardrop-shaped, and ellipsoidal (Figs. 34-36) . The central part of the valve contains slightly dilated proximal raphe ends and a rounded stigmal opening (Fig. 34) . Distal raphe ends are deflected before the apices and extend onto the valve mantle (Figs. 34, 35 ). Short striae composed of a single row of areolae are positioned near the APF (Fig. 36) . The prominent APF is composed of large porelli. Internally, the wide axial area is evident and the characteristic asymmetry about the central area is visible (Fig. 37) . The headpole and footpole have large pseudosepta and helictoglossae that are offset from the raphe (Figs. 38, 39 ). Biseriate areolation is evident between the robust interstriae .
COMMENTS: This diatom was identified in NAWQA samples as Gomphonema rhombicum Fricke and should be compared with Gomphonema tertiarium Kociolek and Stoermer, a Miocene species that has a more linear central area. Kociolek and Stoermer (1990a) illustrated the lectotype of Gomphonema occidentale var. abbreviata M. Schmidt. Fricke's (1904) illustration of Gomphonema rhombicum from England is less angular than the specimens we observed, and the study by Merino et al. (1994) confirms the shape of the English specimen for Gomphonema rhombicum. Merino et al. (1994) also show Gomphonema rhombicum to have striae composed of two rows of areolae and an asymmetrical central area; both features are similar in G. stoermeri. Gomphonema rhombicum has external distal raphe ends at the headpole that are much more highly deflected than those seen in Gomphonema stoermeri. Although Gomphonema rhombicum was reported from Crater Lake, Oregon, by Sovereign (1958) , this taxon was not included in Patrick's treatment (Patrick and Reimer 1975) of Gomphonema species in the United States. The status of Gomphonema rhombicum in the U.S. flora remains uncertain.
Analysts initially identified Gomphonema apuncto from sites throughout the United States. The BU provided insight that identifications from the western United States appeared to be Gomphonema rhombicum, a taxon with similar shape but with an obvious stigma at the central area. Reexamination of specimens revealed that G. stoermeri is present in western North America (samples from Nevada Basin and Range, Central Columbia Plateau, Rio Grande Valley, and Willamette Basin) and Gomphonema apuncto is present in eastern North America (Apalachicola -ChattahoocheeFlint River Basin, Hudson River Basin, ConnecticutHousatonic -Thames River basins, and Potomac River Basin). The BU confirmed these revised observations. Gomphonema reimeri (Camburn) Valve clavate-angular, 32-63 µm long, 8.5-11 µm broad, apices narrow to slightly rounded. Striae parallel-radiate around the center, radiate throughout the rest of the valve, 7-9/10 µm around midvalve, 9-10/10 µm at the apices, costa-like in the light microscope. The raphe is straight, slightly undulate in small specimens, and laterally expanded. The wide, lanceolate axial area has a mottled appearance.
The prominent central nodule contains the recurved proximal raphe ends and a single stigma. A noticeable APF is present at the footpole.
In the SEM, striae appear composed of apically elongate areolae, except for those closest to the axial area, which are more or less c-shaped (Fig. 48) . Shallow depressions are found along the entire length of the axial area and even along the interstriae, which give the mottled appearance observed in light microscopy . Distal raphe ends are deflected and extend onto the valve mantle at both poles (Figs. 48, 49, 51) . A large APF is found on the valve face and mantle and is composed of round porelli. The central area contains a small, round stigmal opening and the proximal raphe ends that are barely distinguished in size from the rest of the raphe opening (Figs. 49, 51 ). Striae at the headpole are disorganized and less robust than elsewhere on the valve (Fig. 48) . The valve interior has pseudosepta and helictoglossae at the poles (Fig. 52) . The central nodule is bordered by strongly recurved proximal raphe ends and contains a smallish, stigmal opening that is only barely slit-like (Fig. 53) . Striae appear slit-like through foramina, and they may cross them entirely or only partially (Fig. 53) .
COMMENTS: Camburn et al. (1978) identified this diatom as Gomphonema sparsistriatum f. maculatum, indicating a close affinity to a diatom described by Müller (1905) from Brazil. Our reading of the description by Müller and examination of his original figures do not suggest a relation with the North American taxon, and we suggest a new status for Camburn's diatom. Our observations increase the range of size and striae density originally reported by Camburn et al. (1978) . This diatom is known only from the southeastern United States.
Gomphonema mehleri Camburn
Figs. 54-57, 66-71 Valves tumid at midvalve with poles broadly rounded. Length 46-64 µm, breadth 10-11 µm. Striae distinctly punctate, radiate around the center 8-10/10 µm, radiate-parallel at the headpole 11-13/10 µm, strongly radiate at the footpole 11-12/10 µm. Raphe undulate, expanded laterally. Axial area narrow, central area rounded, with a small isolated stigma. Central stria on side of stigma slightly separated from others. Septa and pseudosepta present at poles. A prominent APF is present at the footpole.
In the SEM, the valve interior has pseudosepta and helictoglossae offset from the raphe at both poles (Figs. 69, 70) . The central nodule is small and contains a transapically elongate stigmal opening. Proximal raphe ends are strongly recurved around the edge of the internally raised central nodule (Fig. 71) . Externally the central area has a single, round stigmal opening, with a stria on the stigma-bearing side that is slightly more distant from the other striae (Fig. 68) . Proximal raphe branches are laterally displaced with ends slightly dilated. Areolae are c-shaped, s-shaped, or irregularly shaped. Striae appear more dense at the headpole where the raphe end is deflected and extends onto the mantle (Fig. 66) . At the footpole the distal raphe end is deflected onto the mantle and bisects the APF (Fig. 67) . The APF is composed of linear rows of round porelli.
COMMENTS: This diatom is similar to Gomphonema manubrium in outline. The two differ in the width of the axial area (it is much broader in Gomphonema manubrium) and the shape of the central area. This paper shows the first SEM observations of G. mehleri; morphometric data also extend size and striae density ranges previously reported by Camburn et al. (1978;  they indicated length 52-60 µm, breadth 8-9 µm, and striae densities of 8-9/10 µm at midvalve and 11/10 µm at the apices). This diatom is known only from eastern North America.
Gomphosphenia lingulatiformis (Lange-Bertalot and Reichardt) Lange-Bertalot
Figs. 58-65, 72-75 Valves linear-clavate to clavate, length 15-77 µm, breadth 5-9 µm with undulate outlines in large specimens. Headpole acute to rounded, footpole small and rounded. Raphe straight, filiform, with external proximal ends dilated. Striae are composed of single foramen or with 1-2 additional isolated areolae. Axial area linear-lanceolate, narrow at the poles, more expanded at midvalve. Striae are radiate, parallel towards the footpole; 14-18/10 µm at midvalve and 16-20/10 µm at the poles. The round central nodule is evident in light microscopy. Septa, pseudosepta, and stigmata are absent.
In the SEM, the valve interior is shown with the characteristic anchor-shaped proximal raphe ends (Figs. 72, 73, 75) and elongate foraminae, including those around the footpole (Fig. 74) .
COMMENTS: This diatom was identified as Gomphonema abbreviata Agardh in NAWQA samples and was also assigned the name G. brasiliense Grunow (e.g., Wallace 1960) . Wallace (1960) and Lange-Bertalot (1993) documented variation in size and shape for this taxon. LangeBertalot (1995) removed Gomphonema brasiliense and its allies from Gomphonema and established the new genus, Gomphosphenia, on the basis of their distinctive, anchorshaped internal proximal raphe ends and the open foraminae (i.e., lack of a series of areolae comprising the striae) that are also present around the footpole instead of an APF. Kociolek et al. (1988) and Kociolek and Stoermer (1990a) showed these same features for Gomphonema grovei M. Schmidt and Gomphonema herrmanniana Palik.
"Gomphoneis herculeana var. robusta (Grunow) Cleve"
Gomphoneis minuta (Stone) Kociolek and Stoermer Fig. 76 Gomphoneis eriense var. variabilis Kociolek and Stoermer Fig. 77 Specimens identified as Gomphoneis herculeana var. robusta (Grunow) Cleve by NAWQA contract analysts possess longitudinal lines near the axial area with distinctly capitate valves Stoermer 1988a, 1988b) while others have longitudinal lines about half-way between the axial area and the margin and are robust valves with broadly rounded headpoles (Fig. 76) .
The name Gomphoneis herculeana var. robusta was inconsistently applied across NAWQA samples, and none of the specimens identified actually corresponds to the taxon Gomphoneis herculeana var. robusta. Valves with distinctly capitate headpoles and longitudinal lines near the axial area correspond to Gomphoneis eriense var. variabilis (Fig. 77) , while the more robust valves with broadly rounded headpoles and longitudinal lines midway between the axial area and the margin correspond to Gomphoneis minuta (Fig. 76) . Persistent confusion over the taxonomy of Gomphoneis herculeana var. robusta stemmed from Patrick's interpretation (Patrick and Reimer 1975) . She illustrated a diatom with the valve shape of Gomphoneis eriense var. variabilis but the longitudinal line position of Gomphoneis minuta. Stoermer's (1988a, 1988b) re-examination of type specimens of Gomphoneis herculeana var. robusta (in the collection of Cleve and Möller 1877)) showed them to represent small specimens of Gomphoneis herculeana (Ehrenberg) Cleve var. herculeana, from which they concluded that the variety robusta is in fact a later synonym of the nominate variety.
"Gomphonema clevei Fricke"
Gomphonema minutum Agardh
Figs. [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] (and see the next taxon) At least two different forms were assigned to this name in the NAWQA samples. The first Gomphonema taxon to which the specific epithet clevei was given is found in the Upper Snake River drainage (Figs. 78-82 ). The valves are broadly clavate, with headpole quadrate to rounded and nar-row rounded footpole; length 10-35 µm, breadth 4-6 µm. The striae taper in width from the margins to the axial area. Striae are radiate-parallel, strongly radiate at the footpole, 10-12/10 µm. The raphe is undulate and lateral, and the proximal ends are dilated. The narrow axial area becomes a very narrow rectangular central area bordered by a shortened central stria and a single stigma. In SEM, striae are composed of double rows of irregularly shaped areolae slightly offset from one another. Striae terminate at the axial area in a single areola . Distal raphe ends are deflected and continue onto the valve mantle (Figs. 92, 93) . A bilobed APF, composed of round porelli, reaches from the valve face to the valve mantle (Figs. 91, 93) . Internally, small pseudosepta and helictoglossae in-line with the raphe system are present (Fig. 94) . The small central nodule contains recurved proximal raphe ends and a small, rounded stigmal opening (Figs. 94, 95) . This diatom conforms to current concepts of Gomphonema minutum Agardh (Lange-Bertalot 1980; Krammer and Lange-Bertalot 1986) , although Krammer and Lange-Bertalot (1986) give the breadth up to 8 µm and striae density up to 18/10 µm.
The second set of specimens to which the epithet clevei was given corresponds to an apparently new species, which we describe here. Striae parallelae-radiatae, valde radiatae ad basi-polos, 9-12/10 µm. Area axialis angusta ad polos, dilatata versus aream centralem. Area centralis late rectangularis, striis ab- breviatis in lateribus utrinque area axiali dispositis separatis ultra ceteris. Stigma locatum in aream centralam. Raphe recta lateralis extremis proximalis externibus dilute dilatatis.
Valves linear-clavate, with footpole narrow and headpole rounded. Length 10.5-30.0 µm, breadth 3.5-5.0 µm. Striae parallel to radiate, strongly radiate at the footpole, 9-12/10 µm. Axial area narrow at poles and widening towards the central area. Central area broadly rectangular, with shortened striae on both sides and more widely spaced than others. Stigma located in the central area. Raphe straight, lateral, with external proximal ends dilated slightly. Named in honor of Hiromu Kobayasi, famous diatomist of Japan, who died in the autumn of 1996.
In SEM, striae are composed of single rows of areolae with c-shaped external flaps . At both poles, distal raphe ends are deflected and extend onto the mantle (Fig. 96) . The APF porelli appear large and restricted to the valve mantle (Fig. 97) . At the valve's center, the stigmal opening is round and the proximal raphe ends dilated (Fig. 98) . Internally, helictoglossae and pseudosepta are present at both poles (Figs. 99, 100, 102) . The central nodule contains recurved proximal raphe ends and a stigmal opening that appears slightly elongated as it projects into the valve rather than across the central nodule but appears rounded when viewed directly from above (Fig. 101) .
COMMENTS: This new species resembles Gomphonema bavaricum Reichardt & Lange-Bertalot in general shape, structure of the central area, and valve ultrastructure (Reichardt and Lange-Bertalot 1991) . It differs, however, by being smaller and narrower than G. bavaricum. Gomphonema kobayasii also resembles Gomphonema pseudotenellum Lange-Bertalot in shape. It differs by having coarser striae (Gomphonema pseudotenellum is reported to have 15-16 (22) striae/10 µm (Krammer and Lange-Bertalot 1986) ). Both Gomphonema minutum and Gomphonema kobayasii presented the greatest difficulty for consistent taxonomy of Gomphonema species within the NAWQA program. Kociolek and Stoermer (1991b) and Krammer and Lange-Bertalot (1991) discussed the confusion over the variety of forms attributed to the name Gomphonema clevei. This wide range of forms, reported worldwide (Europe, Asia, South America, North America, and Australia), is in critical need of taxonomic review.
A summary of taxa occurrence from the slides examined in this study is presented in Table 2 .
Discussion
Although extensive taxonomic treatises on the diatoms of the United States (e.g., Wolle 1890; Boyer 1927; Reimer 1966, 1975) and regional treatments have included gomphonemoid diatoms as part or the entire focus of the work (e.g., Boyer 1916; Camburn et al. 1978; Camburn et al. 1984 Camburn et al. -1986 Sovereign 1958 Sovereign , 1963 Stoermer 1990b, 1991a; Kociolek et al. 1995) , much research still needs to be done for a comprehensive understanding of the diatom flora of the United States. Although not specifically stated in the original design of NAWQA biological activities (Hirsh et al. 1988; Gilliom et al. 1995; Meador and Gurtz 1994) , many benefits can be gained from the NAWQA data regarding the state of knowledge of the flora and fauna of the United States and North America. Information derived from the NAWQA Program's algal samples will be useful not only for making land-use management decisions and increasing our understanding of the quality of surface water in the United States, but also will contribute to an understanding of the diversity of diatoms and their distribution across North America.
Monitoring programs of United States waterbodies are subject to significant problems with taxonomic inconsistency and misidentifications, in part because of our scant knowledge of the diversity of diatoms in United States freshwaters. Kociolek and Stoermer (1987) documented the way the name Gomphonema ventricosum Gregory was misapplied to specimens across the United States (from the Great Lakes to South Carolina) when that taxon is actually restricted in North America to Alaska. Misidentification of previously described taxa and the presence of undescribed taxa contribute to possible confusion in the taxonomic literature and in applying diatoms to programs such as climate reconstruction and water-quality monitoring. These problems may be further complicated when data bases from several different studies are merged. Reference collections of voucher specimens are essential to make comparisons of taxa such as we made here.
The present contribution allows for the further documentation of morphological variation contained in the genus
